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Bacillus licheniformis WX-02The updated genome of Bacillus licheniformis WX-02 comprises a circular chromosome of 4286821
base-pairs containing 4512 protein-coding genes. We applied strand-speciﬁc RNA-sequencing to
explore the transcriptome proﬁles of B. licheniformis WX-02 under normal and high-salt conditions
(NaCl 6%). We identiﬁed 2381 co-expressed gene pairs constituting 871 operon structures. In addi-
tion, 1169 antisense transcripts and 90 small RNAs were detected. Systematic comparison of differ-
entially expressed genes under different conditions revealed that genes involved in multiple
functions were signiﬁcantly repressed in long-term high salt adaptation process. Genes related to
promotion of glutamic acid synthesis were activated by 6% NaCl, potentially explaining the high
yield of c-PGA under salt condition. This study will be useful for the optimization of crucial meta-
bolic activities in this bacterium.
 2015 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction predicted protein-coding genes, 72 tRNA genes, and 20 rRNA genesBacillus licheniformis (B. licheniformis) is a Gram-positive,
spore-forming soil bacterium that is widely used in multiple ﬁelds:
in agriculture as a probiotic and microbial fertilizer [1], and in the
biotechnology industry for production of enzymes [2], antibiotics
[3], acetoin [4], 2,3-butanediol [5], and c-PGA [6]. B. licheniformis
strain WX-02, which was isolated from saline soil in Yingcheng,
China, can produce high levels of c-PGA under stress conditions
such as high salt, high temperature, caustic alkali, and ultrasonic
shock [7]. The genome of B. licheniformis WX-02, announced in
2012, comprises three large scaffolds (4270104 bp) with 4320[8]. It is generally accepted that current genome annotation pro-
grams cannot efﬁciently identify all types of functional elements,
especially non-coding regulatory elements (small RNAs and anti-
sense transcripts). However, these shortcomings can be overcome
by high-throughput RNA sequencing, a comprehensive method
that can quantitate the transcription levels of thousands of genes
[9–12]. To improve the genome annotation of B. licheniformis
WX-02, we performed a comprehensive analysis of the genome
and transcriptome map of this strain.
The processes by which cells respond to sudden or sustained
osmotic stress have been studied in some Bacillus species [13,14],
for example, the paper by Schroeter et al. reported the salt stress
responses of the B. licheniformis DSM13 to osmotic challenges,
which is a thorough, in-depth study. While no study to date has
analyzed the comprehensive genome and transcriptome of the
strain B. licheniformis WX-02 under osmotic stress. The genome
similarity between B. licheniformisWX-02 and DSM13 strain is very
high, but their salt adaptation is quite different, especially for the
ability of producing c-PGA under high salt concentration. To inves-
tigate the genes and physiological pathways related to long-term
salt adaptation and high-yield c-PGA production under osmotic
stress in this strain, we detected and compared the transcriptome
proﬁles under normal and high salt environment, using a
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libraries were constructed from three sample points: 11th h (expo-
nential phase, 0 h before the onset of 6% NaCl), 22th h (11th h after
onset of exposure to 6% NaCl), and 33th h (22th h after onset of
exposure to 6% NaCl). The results illustrate the power of applying
ssRNA-seq to identiﬁcation of new genes, non-coding regulatory
elements, operon structures, and correct gene boundaries, all of
which contribute to improving genome annotations obtained
solely from gene-ﬁnding programs.2. Materials and methods
2.1. Prediction and annotation of genes in the B. licheniformis WX-02
genome
The ﬁrst version of the B. licheniformisWX-02 genome sequence
was deposited in DDBJ/EMBL/GenBank with accession No.
AHIF00000000 [8]. Subsequently, to improve the genome assem-
bly, we added a 6-kb paired-end sequencing library based on the
earlier version. First, we identiﬁed the open reading frames
(ORFs) using three intrinsic gene-ﬁnding programs: Glimmer
[15], FgenesB (http://linux1.softberry.com/berry.phtml), and
Prodigal [16]. Next, to determine the protein-coding genes, we
compared all predicted ORFs to the NR/Swiss-Prot database using
BLASTP with an E-value threshold of 1E-5. We employed
RNAmmer [17] and tRNAScan-SE [18] to identify rRNA and tRNA
genes. Functional annotation of protein-coding genes was per-
formed as follows. First, genes were compared with the
NR/Swiss-Prot database using BLASTP (E-value was set to 1E-5),
and then their putative functions were predicted based on KEGG
[19], Blast2GO [20], and the InterProScan database [21]. Proteins
were assigned to functional categories according to the Cluster of
Orthologous Groups (COG) classiﬁcation [22]. Each sequence align-
ment had more than one result and so, to ensure biological signif-
icance, we retained the optimal alignment as the gene annotation.
2.2. The measurement of biomass and c-PGA yield of B. licheniformis
WX-02
Growth of bacteria was measured and expressed as colony
forming units per milliliter (CFU/ml). A frozen stock of B. licheni-
formisWX-02 (CCTCC M208065) was thawed and cultured on solid
LB plates for 24 h. Single colonies were picked, inoculated in 5 mL
of LB liquid medium and cultured for 10 h, then take a number of
different volumes (between 20 and 45 lL) to 6 bottles inoculated
in 50 mL LB liquid medium for culturing 10 h. As the fermentation
seed, we selected a culture solution with an optical density at
600 nm (OD600) of 4.6–5.0. For the normal culture (11th h), the
seed was inoculated into 50 mL of ME medium at a 1:100 dilution
to allow c-PGA fermentation. ME medium contained 20 g/L glu-
cose, 20 g/L L(+)-monosodium glutamate monohydrate, 12 g/L tri-
sodium citrate, dehydrate, 7 g/L NH4Cl, 0.5 g/L K2HPO4, 0.5 g/L
MgSO47H2O, 0.04 g/L FeCl36H2O, 0.15 g/L CaCl22H2O, and
0.104 g/L MnSO4H2O. The pH value adjusted to 6.5 with sodium
hydroxide solution. For salt-stress treatments (22th h and 33th
h), the fermentation seed was resuspended in 50 mL of ME med-
ium containing 3 g solid NaCl (6% NaCl) at the indicated time
(11th h). To measure the biomass, samples were collected in early
log phase and every 3–5 h thereafter, each sample was measured
three concentration gradients with three biological replicates.
Growth curves were drawn by plotting CFU/ml (vertical coordi-
nate) versus time (abscissa).
To extract and purify the c-PGA, 2 mL saturated CuSO4 was
added to 3 mL culture broth, oscillatory mixing. The sample was
then centrifuged at 8000 rpm for 5 min, discarded the supernatantand washed the separated pellet with 5 mL distilled water.
Centrifuged and collected the pellet again, then added 2 mL of
1 mol/L Na2S to the pellet and stand it for some time, resuspended
the precipitate and ﬁnally centrifuged at 8000 rpm for 5 min to col-
lect the supernatant. To detect the c-PGA content, the puriﬁed
c-PGA was hydrolyzed in 3 mL concentrated HCl at 100 C for
24 h. The hydrolyzed sample was then derivatized based on the
ethyl chloroformate (ECF) derivatization method proposed by
Shimizu et al. in 2007 [23]. The c-PGA was detected with
Thermo Gas Chromatograph, and the c-PGA content in fermenta-
tion liquid was calculated according to its standard curve.
2.3. RNA isolation and preparation
RNA samples were isolated at three time points: 11th h (0 h
before the onset of 6% NaCl); 22th h (11th h after the onset of expo-
sure to 6% NaCl); and 33th h (22th h after the onset of exposure to
6% NaCl). Cells were collected by centrifugation at 12000 rpm for
5 min, and then transferred to a 10-ml centrifuge tube after grind-
ing in liquid nitrogen. Cells were then lysed in 1 mL of TRIzol for
30–60 s. To the lysate, 200 lL of chloroform was added, and the
sample was then mixed by inversion and incubated at room tem-
perature for 15 min. The sample was then centrifuged at
12000 rpm for 15 min at 4 C, and supernatant was precipitated
with an equal volume of isopropanol at room temperature for
10 min. After centrifugation, the supernatant was discarded, and
the pellet was air dried and dissolved in 20–40 lL of RNase-free
water. Total RNA was treated with RNase-free DNase I for 30 min
at 37 C to remove genomic DNA. RNA concentration and purity
were determined on a NanoDrop 2000 spectrophotometer
(Thermo Fisher) and OD260/OD280 ratio, respectively. At the same
time, RNA quality was assessed by agarose gel electrophoresis:
samples that exhibited three separate RNA bands without genomic
DNA could be used for ssRNA-seq analysis.
2.4. Library preparation and ssRNA-seq
ssRNA-seq libraries were constructed for B. licheniformisWX-02
samples collected at three time points (11th h, 22th h, and 33th h)
under different culture conditions at the Beijing Genomics
Institute, China. Fifty micrograms of total RNA was used as the
starting material, ribosomal RNA was removed using the
Ribo-Zero rRNA Removal Kit. Extracted mRNAs were fragmented
to an average size of 100–500 nt by adding fragmentation buffer.
Using reverse transcriptase and random hexamers, the cleaved
RNA fragments were copied into ﬁrst-strand cDNA. Then the
second-strand cDNA was synthesized by adding buffer, dATP,
dGTP, dCTP, dUTP, RNase H and DNA polymerase I. During this pro-
cess, non-incorporated nucleotides were removed, and dTTP was
substituted with dUTP [24]. After puriﬁed using QiaQuick PCR Kit
and eluated with EB buffer, the resultant cDNA fragments went
through an end-repair process, the addition of a single ‘‘A’’ base,
and ligation of adapter sequences. The ligation products were then
subsequently digested with uracil-N-glycosylase to remove
second-strand cDNA and puriﬁed using MiniElute PCR
Puriﬁcation Kit. The cDNA products were enriched by PCR with
phusion polymerase to construct libraries for ssRNA-seq.
Libraries were sequenced on an Illumina HiSeq 2000 platform
(90-bp paired-end reads).
2.5. Mapping reads onto B. licheniformis WX-02 genome
We checked and cleaned all Illumina raw reads by removing the
following types of sequences: those corresponding to adapters,
those with low read quality (more than 40% of the reads with a
base quality value lower than 20), and those containing more than
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ome using Bowtie2 [25], and reads with ambiguous alignments
or more than three mismatches were discarded. Only uniquely
mapped reads were used for further analysis. We applied a previ-
ously described method [26] to detect expressed regions, and then
determined the average coverage depth (reads mapped per nucleo-
tide/base) in pileup format. Regions for which the coverage depth
was greater than the lower 10th percentile of annotated genes
were considered to be expressed [26]. The per-base–format cover-
age depth and read counts were calculated using BEDTools [27].
Because different samples may have different total read counts,
sequencing depth, and biases, the normalized transcription level
of genes was expressed in reads per kilobase of ORF per million
mapped reads (RPKM) [28]. The trancriptomic raw reads have been
deposited in NCBI Sequence Read Archive database under acces-
sion number SRP045205.
2.6. Improvement of protein-coding gene annotation using ssRNA-seq
data
Some of the protein-coding genes predicted by the three
gene-ﬁnding programs had no homologs in other species. To deter-
mine whether these predicted genes represented true B. licheni-
formis WX-02 genes, we checked them using a combination of
ssRNA-seq data. Because there were some uncovered gaps, we
deﬁned genes with P50% of their length covered by expressed
reads to be sufﬁciently expressed [29]. Some of the expressed
genes had the same termination codons, but different start codons,
because they were predicted by different software tools. We used
the following criteria to determine the correct start codon: if gene
A and gene B had the same termination codon and different start
codons (because they were predicted by different software tools),
and the excess part of the sequence was covered by expressed
reads, then the longer gene was retained; otherwise, the shorter
one was selected.
2.7. New protein-coding genes predicted in expressed intergenic
regions
After obtaining information about gene annotation and back-
ground expression, we used expressed intergenic regions to iden-
tify new protein-coding regions. We predicted ORFs using ORF
Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html), setting the
minimum ORF length to 30 residues. Because it was likely that
many of these predicted ORFs were not real genes, we ﬁltered
the potential coding regions by BLASTP search against the
NR/Swiss-Prot database (E-value = 1E5) and regarded the ORFs
with orthologs with other species as new protein-coding genes.
2.8. Identiﬁcation of operon structures
Based on the transcriptome data, we predicted and identiﬁed
operons in B. licheniformisWX-02. We deﬁned two or more consec-
utive genes as an operon if they satisﬁed the following criteria:
they had the same orientation; the intergenic region between the
genes was expressed; all genes were expressed. We applied
in-house Perl scripts to join consecutive overlapping pairs of such
genes to identify large operon structures.
2.9. Analysis of sRNAs in B. licheniformis WX-02 genome
To identify putative sRNAs, expressed intergenic regions with
no protein-coding potentiality were queried against the Rfam
database using BLASTX [30]. Although this method has relatively
high accuracy, it only predicts sRNAs with homologs in other
species; consequently, it may not have identiﬁed sRNAs peculiarto B. licheniformis WX-02. For other expressed intergenic regions
with no matches in Rfam, we identiﬁed potential sRNAs by
searching for a promoter or transcription terminator sequence
within 50 bp upstream or downstream of these regions.
Promoter sequences were predicted using the Neural Network
Promoter Prediction software [31], and terminators were identi-
ﬁed using the TransTermHP software [32]. The predicted sRNA
sequences were compared with those in other species, based on
a BLAST search of the non-redundant nucleotide database
(E-value = 1E5).
2.10. Procedures for identifying antisense transcripts
Next, the ssRNA-seq data were searched for transcripts from
regions that did not correspond to any annotated protein-coding
genes. We employed a computational protocol to identify anti-
sense transcripts (asRNAs). First, we merged the reads from all
three RNA-seq datasets, and considered each strand indepen-
dently; therefore, transcription was measured separately on the
sense and antisense strands. In general, ssRNA-seq produces a
small number of ‘noise’ reads from the unexpected strand [29]. A
large number of reads from the antisense strand suggests potential
antisense transcription. We screened the transcripts on the anti-
sense strand, and determined the boundaries of asRNAs from the
leftmost and rightmost reads of antisense transcripts. After the
transcriptional units were obtained, further ﬁltering was per-
formed based on the read count and count ratio (CR) [33,34]. If
the read count of the transcriptional unit was P3, it was retained
for further analysis. RPKM values of sense reads (S_RPKM) and
antisense reads (AS_RPKM) for the resultant loci were generated
from the three time points, and calculated using a customized R
script. CR was calculated using the following formula:
CR ¼ AS RPKM
S RPKM
After the CR for each sense–antisense transcript pair was
obtained, we selected a strict cutoff based on the sequencing error
of the ssRNA technique [33,34]. We regarded transcriptional
regions as asRNAs when CR was greater than 0.1.
2.11. Differentially expressed genes analysis
Differentially expressed genes (DEGs) analysis was based on the
DEGSeq package MARS (MA-plot-based method with Random
Sampling model) [35]. The false discovery rate (FDR) and fold
change (FC) were used to determine DEGs. In our study, genes with
FDR 6 0.001 and |log2FC|P 1 (equivalent to a fold change of 2)
were considered as DEGs.3. Results and discussion
3.1. Biomass and c-PGA yield of B. licheniformis WX-02 under the
normal and salt-stress conditions
In this study, we measured B. licheniformis WX-02 biomass
based on CFU/ml analysis of growth curves in ME medium (normal
condition), revealing that log phase occurred roughly at 11–22 h
after the initiation of the culture (Fig. S1). When 3 g solid NaCl
(6% NaCl solution) was added to ME medium at 11th h, the strain
slowly resumed growth at about 22th h, and biomass at 33th h had
reached a level comparable to that at 11th h. The biomasses at 11th
h, 22th h, and 33th h were 1.6  108, 0.3  108, and 1.0  108
CFU/ml, respectively. From the growth and c-PGA production
curves (Fig. S1), it was observed that the synthesis of c-PGA under
normal condition was mainly happened in exponential phase and
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environments, the highest yield of c-PGA was about 10 g/L at 60th
h. It is very hard to extract RNA when c-PGA concentration is high,
therefore, we chose 11th h, 22th h and 33th h time points to study
the long-term salt adaptation in B. licheniformis WX-02, and the
concentration of c-PGA at the three points were 0.23, 0.32, and
0.56 g/L respectively.
3.2. General features of B. licheniformis WX-02 genome
The updated version of B. licheniformis WX-02 genome com-
prises a circular chromosome of 4286821 base-pairs (bp) contain-
ing 4512 protein-coding genes with an average G+C content of
46.10% (Fig. 1A; File S1), which was more accurate and complete
than the previous version and shared high similarity (95.4%) withFig. 1. Genomic features of B. licheniformis WX-02. (A) Circular plot of the B. licheniform
(outermost) to 8 (innermost). Circle 1 represents the whole chromosome; Circles 2 a
respectively; Circles 4, 5, and 6 show the transcription levels (RPKM) of predicted CDSs at
(G + C)]. (B) Two-dimensional similarity plots comparing the distribution of orthologs on
line of dots suggests collinearity of chromosomes between the two species. (C) Venn d
Prodigal. (D) Flowchart for identiﬁcation of protein-coding genes in B. licheniformis WX-the genome of B. licheniformis DSM13 (Fig. 1B). Using a combina-
tion of three gene-ﬁnding programs, we predicted 6696
protein-coding genes. Although the accuracy of bacterial
gene-ﬁnding programs is relatively high, the predictions of the
three programs we used were quite different (Fig. 1C). Only 2528
genes overlapped among the predictions of all three programs,
indicating that each gene ﬁnder only predicted a subset of all
genes. Genes predicted by FGenesB and Prodigal were similar,
and about 87% of the genes in the genome were shared between
them. Although Glimmer and FGenesB are both Markov
model-based algorithms [36], the number of genes shared between
(about 59%) them was lower than the number shared between
FGenesB and Prodigal. This result suggests that Prodigal and
FGenesB performed better than Glimmer. In addition to the
protein-coding genes, 24 rRNA and 79 tRNA genes were identiﬁedis WX-02 chromosome and transcriptional activity. Circles are numbered from 1
nd 3 show the locations of predicted CDSs on the positive and negative strands,
11th h, 22th h, and 33th h, respectively; Circle 7, %G + C; circle 8, GC skew [(G  C)/
the chromosomes of B. licheniformis WX-02 and B. licheniformis DSM13. A straight
iagram comparing the protein-coding genes predicted by FGenesB, Glimmer, and
02.
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licheniformis WX-02 genome sequence has been deposited at
GenBank under accession No. CP012110.
3.3. Analyzing ssRNA-seq of B. licheniformis WX-02
Based on the reassembled genome, we used ssRNA-seq to char-
acterize the transcriptome of B. licheniformisWX-02. RNA sequenc-
ing of samples harvested at the three time points yielded
13732558 (11th h), 13431546 (22th h), and 15187732 (33th h)
reads. The average length per read was 90 bp, sufﬁcient for the
reads from each time point to cover the genome of B. licheniformis
WX-02 at least 100 times. Following cleaning steps, 6866279
(11th h), 6715773 (22th h), and 6897198 (33th h) clean reads
were retained. The clean reads were uniquely aligned to the gen-
ome and protein-coding genes (Fig. 1A; Tables S1 and S2).
Recently, several studies reported that the read coverage of tran-
scribed regions achieved by RNA-seq is highly non-uniform, and
that many regions are uncovered, leading to numerous gaps in a
continuous map of the genome [37–41]. To overcome this problem
and determine the expressed regions of the B. licheniformis WX-02
genome, we merged and cumulated the mapping reads from all
three samples. The threshold for expression was set at a coverage
depth of 7 reads/bp in pileup format, consistent with a study of
the transcriptional map of Histophilus somni strain 2336 [26].
3.4. Further improvement in the annotation of predicted protein-
coding genes
As mentioned above, we predicted 6696 protein-coding genes
(some with the same termination codons but different start
codons) in B. licheniformis WX-02 using three gene-ﬁnding algo-
rithms. Based on a BLASTP search against the NR/Swiss-Prot data-
base, we determined that 4123 unique protein-coding genes had
homologs in species. For genes with no homologous proteins, we
used the following steps to determine their reliability (Fig. 1D).
Some of these genes were not supported by any transcriptional evi-
dence, and were therefore very likely to represent false-positive
predictions. Therefore, we considered genes with a higher propor-
tion of their lengths (P50%) covered by reads to be expressed [12].
Finally, 467 expressed protein-coding genes were obtained.
Because these genes were predicted by three different programs,
some had the same termination codons but different start codons
(61 genes; Table S3), but actually reﬂected the same
protein-coding gene. In such cases, we selected the correct start
codon based on the ssRNA-seq data. Based on the screening
described above, we ultimately obtained 4484 unique
protein-coding genes that included 3120 genes predicted by
Glimmer (69.6%), 3805 genes predicted by FgenesB (84.9%), and
3821 genes predicted by Prodigal (85.2%). Given that no gene ﬁn-
der can identify all the genes with 100% accuracy, we propose that
the combination methods used in our study could improve the
accuracy and completeness of gene-prediction results.
3.5. Identiﬁcation of new protein-coding genes
Based on the transcriptome map, we identiﬁed 28 new
protein-coding genes not predicted by the three aforementioned
gene-ﬁnding programs (Table S4). The average length of the novel
genes was 49 amino acids, lower than most of the other annotated
protein-coding genes, suggesting that most gene ﬁnders cannot
efﬁciently identify short genes. Most of the new predicted genes
were homologs of hypothetical genes in other related species, such
as B. licheniformis, Bacillus subtilis, and Bacillus anthracis. Fig. 2A
shows an example of a new gene (4239417–4239602), which is
similar to a phage protein of B. licheniformis DSM13. Combinedwith the analysis described above, we ultimately obtained 4512
protein-coding genes in B. licheniformis WX-02 genome (Fig. 1D),
including 4233 expressed genes (4205 plus 28) and 279
non-expressed genes. Our predicted protein-coding genes covered
about 97.5% of the previously annotated genes [8]. Furthermore,
we discovered many mis-annotated genes, thereby greatly improv-
ing the genome annotation of B. licheniformis WX-02. Among the
4512 protein-coding genes, 4060 (90%) had signiﬁcant similarity
with genes in B. licheniformis DSM13, 84% had functional annota-
tions, and 16% were hypothetical proteins.
3.6. Identiﬁcation and comparison of operon structures among Bacillus
genomes
Our transcriptome map of B. licheniformis WX-02 identiﬁed
4233 expressed genes, which were distributed evenly across all
functional categories. The transcriptome map allowed us to iden-
tify operon structures and co-expressed gene pairs on a
genome-wide scale. In this study, we did not consider unexpressed
genes in operon prediction. Based on the ssRNA-seq data, we iden-
tiﬁed 2381 co-expressed gene pairs, which were transcribed
together and constituted a transcriptional unit. Most operons were
small and contained two or three genes (Fig. 3A). By joining con-
secutive overlapping pairs of co-expressed genes, we ultimately
identiﬁed 871 operons (Table S5).
To further conﬁrm the accuracy of the operons identiﬁed from
our ssRNA-seq data, we compared them with operons predicted
by DOOR [42] and those collected from the closely related
Bacillus species (B. licheniformis DSM13 and B. subtilis 168). As
shown in Fig. 3A, we observed that the number of large operons
(>5 genes) in B. licheniformis WX-02 (including operons identiﬁed
by both ssRNA-seq and DOOR) was greater than that in B. licheni-
formis DSM13 and B. subtilis 168, suggesting that genes in B. licheni-
formis WX-02 tend to form larger clusters to perform biological
functions. A total of 2109 (87.8%) co-expressed gene pairs were
shared between the DOOR and ssRNA-seq predictions, and 51
operons were uniquely identiﬁed based on transcriptome data:
for example, an operon comprising TyrS (tyrosyl-tRNA synthetase)
and AcsA (acetyl-CoA synthetase) was not predicted by DOOR
(Fig. 2B), but orthologs of those two genes form a functional operon
in B. licheniformis DSM13 [43]. Considering that the genome simi-
larity between B. licheniformisWX-02 and other two Bacillus strains
is very high, we compared the operons among all three species. To
date, a total of 1904 co-expressed gene pairs constituting 865 tran-
scription units have been identiﬁed in B. licheniformis DSM13
[43,44]. We compared orthologs between B. licheniformis strain
DSM13 and WX-02 with BLASTP (E-value = 1E5). For any two
neighboring genes in B. licheniformis WX-02, if their orthologs in
strain DSM13 constituted a co-expressed gene pair, then the two
genes were considered to be co-expressed. In total, 1591 homolo-
gous co-expressed gene pairs were identiﬁed, approximately 85.5%
of those in our dataset (2382 gene pairs), and they were related to
579 operons identiﬁed by ssRNA-seq. In addition, 1833
co-expressed gene pairs constituting 804 operons in B. subtilis
168 were collected from the DOOR [42], OperonDB and DBTBS
databases [44,45]. According to the method described above, 922
homologous co-expressed gene pairs (91.3%) overlapped with our
co-expressed gene pairs identiﬁed from ssRNA-seq data; these
gene pairs were related to 368 operons. Among these homologous
co-expressed gene pairs, 815 belonged to all three Bacillus strains
(related to 336 operons).
Comparison of operon structures in the three strains also
revealed that B. licheniformis WX-02 has 292 speciﬁc operons
(comprising 699 genes) not present in strain DSM13, and 503
speciﬁc operons (comprising 1356 genes) not present in B. subtilis
168. The difference might be caused by different experimental
Fig. 2. Position-dependent non-uniform coverage of reads along the new protein-coding gene, operon structure, and sRNA. The vertical axis represents the number of reads
covered at each position. The orange segments with left and right arrows at the bottom of the graph represent genes on the reverse and forward strands, respectively. Graphs
were generated using IGV. To clearly depict gene-transcription levels in different samples, different scales (1000 and 200) are used for the vertical axis. (A) Identiﬁcation of a
new protein-coding gene, 4239417–4239602 (phage protein), based on transcriptome data. (B) Identiﬁcation of a new operon structure comprising two proteins, TyrS and
AscA. RNA-Seq coverage reveals two proteins, tyrosyl-tRNA synthetase and acetyl-CoA synthetase, co-expressed as a transcription unit. (C) Identiﬁcation of a speciﬁc operon
structure not present in B. licheniformis DSM13, comprising three genes: 2769114–2770067 (zinc ABC transporter substrate-binding protein), 2770104–2770817 (zinc ABC
transporter ATP-binding protein), and 2770763–2771587 (zinc ABC transporter permease). (D) Identiﬁcation of a sRNA in the Rfam database. The highly expressed sRNA BrsG
is located in the intergenic region of the B. licheniformis WX-02 genome.
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Fig. 3. Information about operons, asRNAs, and DEGs in the B. licheniformis WX-02 genome. (A) Comparing the operon structures identiﬁed by ssRNA-seq and DOOR in B.
licheniformis WX-02 to those in two other Bacillus strains (B. licheniformis DSM13 and B. subtilis 168). All operons are grouped by the number of protein-coding genes they
contain. (B) Classiﬁcation and distribution of asRNAs. Dark green bars represent the classiﬁcation of asRNAs, identiﬁed from ssRNA-seq data merged from all three time
points; grass green bars represent the classiﬁcation of asRNAs based on the 11th h time point; yellow-green bars represent the classiﬁcation based on 22th h; and yellow bars
represent the classiﬁcation of asRNAs based on 33th h. AI: asRNAs completely covering a whole sense gene; Ap: asRNAs only overlapping with the sense protein-coding
regions; A5: asRNAs partially localized in the protein-coding region of a gene and its 50 untranslated region; A3: asRNAs partially localized in the protein-coding region of a
gene and its 30 untranslated region; Amis: asRNAs antisense to more than one gene. (C) Frequency distributions for sense and antisense signals in the transcriptomes from
three unique samples. Plots represent the numbers of genes in each range of scores for both sense and antisense signals (x-axis = log2 of RPKM; y-axis = number of genes
within each range). 11th h_S = sense genes at 11th h; 11th h_AS = antisense genes at 11th h; 22th h_S = sense genes at 22th h; 22th h_AS = antisense genes at 22th h; 33th
h_S = sense genes at 33th h; 33th h_AS = antisense genes at 33th h. (D) Cluster of Orthologous Groups (COG) functional categories of genes induced and repressed under
different conditions. Each bar represents the number of DEGs in each category in the B. licheniformis WX-02 genome. Grass green bars indicate genes repressed at 22th h
relative to 11th h; grass green bars with diagonal hatching represent genes induced at 22th h. Yellow-green bars indicate genes repressed at 33th h relative to 11th h, and
yellow-green bars with diagonal hatching represent genes induced at 33th h. Yellow bars indicate genes repressed at 33th h relative to 22th h, and yellow bars with diagonal
hatching represent genes induced at 33th h.
2378 J. Guo et al. / FEBS Letters 589 (2015) 2372–2381conditions, i.e., alternative operons may be expressed conditionally
in one or more species. To further analyze the function of genes
involved in these speciﬁc operons, genes were grouped according
to COG functional categories. Using a hypergeometric test, we
found that for genes included in the set of 292 speciﬁc operons,
only functional category P (Inorganic ion transport and metabo-
lism, P < 0.05) was signiﬁcantly enriched. One operon related to
this functional category, shown in Fig. 2C, comprises three genes:
2769114–2770067 (zinc ABC transporter substrate-binding pro-
tein), 2770104–2770817 (zinc ABC transporter ATP-binding pro-
tein), and 2770763–2771587 (zinc ABC transporter permease).
This result suggested that operons associated with ion transport
were different from each other, although the chromosomes of B.
licheniformis WX-02 and DSM13 are very similar. By contrast, for
the genes included in the set of 503 speciﬁc operons, many COG
functional categories were signiﬁcantly enriched (P < 0.05; C, E, F,
G, H, J, K, N, P, R, U, and V), showing that the differences in operon
structure and function between B. licheniformis WX-02 and B. sub-
tilis 168 are much larger than those between in B. licheniformisstrains WX-02 and DSM13. Thus, the results of this study could
provide an alternative perspective for studying the differences
among various Bacillus strains.
3.7. sRNAs in intergenic regions
Although the genome map we generated is relatively accurate,
it is unable to identify all of the functional elements in the genome,
especially sRNAs and asRNAs. Therefore, we used transcriptional
activity to correctly assign the boundaries of sRNAs. From the
expressed intergenic regions, we identiﬁed 90 potential sRNAs in
B. licheniformis WX-02, most of them (75%) shorter than 200
nucleotides (length range, 54–493 nucleotides) (Table S6). The
start and end positions of sRNAs listed in Table S6 represent the
boundaries of transcriptionally active regions (TARs). Of these, 19
were homologous to well-characterized sRNA families in the
Rfam database, including rliI, RsaE, Bacillaceae-1 RNA, PrrF RNA,
T-box, tmRNA, and BsrG (Fig. 2D); by contrast, 71 sRNAs were
not previously annotated, and many of them were not unique to
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against the nonredundant nucleotide database at NCBI
revealed that only 22 of the sRNA sequences were unique to the
B. licheniformis WX-02 genome. Another 49 sRNA sequences were
conserved in the related Bacillus species, such as B. licheniformis
DSM13, B. licheniformis 9945A, and several Bacillus subtilis strains.
Among the 71 sRNAs not previously annotated, 51 had promoters
and 16 had transcriptional terminators within 50 bp of their TAR
boundaries, respectively; only 4 sRNAs had both promoters and
terminators within 50 bp of their TAR boundaries.
3.8. Antisense transcripts are abundant in B. licheniformis WX-02
genome
In contrast to sRNAs localized in intergenic regions, asRNAs
localized on the antisense strand relative to protein-coding genes,
either within the protein-coding region of a gene or in the 50 or 30
untranslated regions. Many asRNAs have been identiﬁed in various
bacteria; these molecules can regulate the expression of the corre-
sponding sense genes [11,46,47]. We identiﬁed 1169 putative
asRNAs in B. licheniformis WX-02 (Table S7). These asRNAs were
either partially or entirely complementary to 734 (16%) sense
genes, and thus constituted sense and antisense transcriptional
pairs. Although antisense reads only accounted for a small minor-
ity of total reads (1.83–2.29%) and were gathered in a small num-
ber of loci, most of these reads were concentrated within the
aforementioned 1169 detectable units; the remaining reads were
mostly scattered throughout the genome.asRNAs varied greatly
in length, and most of them were complementary to a substantial
portion of a protein-coding region. Based on the coverage of the
corresponding sense genes, we classiﬁed asRNAs as shown in
Fig. 3B. The number and classiﬁcation of asRNAs at 11th h were
almost identical to those obtained from the merger of all three
time points, suggesting that most asRNAs are expressed during
exponential phase under normal conditions. In many cases, more
than one asRNA (Ap) covered a gene on the sense strand; this
was caused by low antisense transcription level, resulting in gaps
in the asRNAs. To determine which asRNA was produced under
various conditions, and whether discrete patterns of asRNAs could
be identiﬁed, we compared the expression values of the 1169
asRNAs and their corresponding sense genes under normal and
high salt conditions. Fig. 3C showed that the majority sense genes
had RPKM values between 3.5 and 8.5 (log2). Interestingly, the dis-
tribution of asRNA RPKMs was also continuous, but shifted to the
left of the distribution of the sense genes, indicating that transcrip-
tion levels of asRNAs were much lower than their sense counter-
parts. In addition, Fig. 3C shows that the abundances of mostTable 1
Number of genes in each correlation category of sense and antisense transcripts.
Correlation category 22th h vs. 11th h
Both down-regulateda 160
Both up-regulatedb 2
Down-regulated and up-regulatedc 2
Up-regulated and down-regulatedd 7
Up-regulated/down-regulated and no-changee 105
No-change and up-regulated/down-regulatedf 542
a Both the antisense transcript and its corresponding protein-coding gene were signiﬁ
b Both the antisense transcript and its corresponding protein-coding gene were signiﬁ
c The antisense transcript was signiﬁcantly up-regulated, whereas its corresponding p
d The antisense transcript was signiﬁcantly down-regulated, whereas its correspondin
e The antisense transcript was not changed, whereas its corresponding protein-coding
f The antisense transcript is signiﬁcantly down- or up-regulated, whereas the transcri
regulated). ‘‘22th h vs. 11th h’’ indicates that if a gene is expressed more highly at 22th h
gene is expressed more highly at 33th h than at 11th h, it is considered up-regulated. ‘‘3
22th h, it is considered up-regulated.asRNAs under normal conditions were much higher than under
high salt conditions. Only eight asRNAs were uniquely expressed
under salt conditions (Table S7); among these, the expression val-
ues were low (the highest was 5.7) and the average length (175 bp)
was short. The sense genes corresponding to these eight asRNAs
encoded sugar diacid recognition protein, CotA protein, a transcrip-
tional regulator, a sugar kinase, PbpA protein, an ABC transporter,
and two hypothetical proteins. However, we found that 457
asRNAs were uniquely expressed under normal conditions
(Table S7), and their expression values and average lengths were
higher and longer, respectively, that those of the eight
salt-speciﬁc asRNAs. These observations suggested that asRNAs
may be conditionally regulated in B. licheniformis WX-02, and can
be greatly repressed with high salt concentrations.
To determine whether sense and antisense transcripts were
independently regulated, we identiﬁed differentially expressed
sense and antisense transcripts by focusing on 1169 loci with anti-
sense expression. Of these, 713 and 722 asRNAs were differentially
expressed at 22th h and 33th h, respectively, relative to 11th h
(P 6 0.001 and |log2FC|P 1). Between 22th h and 33th h, 309
asRNAs were altered, suggesting that the alteration in asRNA
expression between these two time points was greater than the
alteration in sense gene expression. asRNAs and their correspond-
ing sense transcripts tended to be expressed independently,
although some of them were expressed coordinately, with repres-
sion of the sense genes accompanied by repression of the asRNAs
(Table 1). This result was inconsistent with a previous study [48],
which suggested that although asRNAs could affect the abun-
dances of their corresponding sense genes, the changes in their
transcription levels under different conditions were not related.
3.9. DEGs of B. licheniformis WX-02 grown under different conditions
We identiﬁed DEGs using the DEGseq package plus fold-change
ranking (p 6 0.001 and |log2FC|P 1) (Fig. S2). To further explore
the gene-expression proﬁles, we analyzed genes whose expression
changed signiﬁcantly among the three time points. In total, 234
genes were up-regulated and 1439 genes were down-regulated
at 22th h relative to 11th h (Fig. S2A), and 229 genes were induced
and 1427 genes were repressed at 33th h relative to 11th h
(Fig. S2B); by contrast, only 50 genes were up-regulated and 83
were down-regulated at 22th h relative to 33th h (Table S8).
Thus, the difference in transcriptional activity between early and
late salt adaptation (22th h vs. 33th h) was very small compared
to the difference between normal and high salt conditions.
The DEGs were grouped according to their COG functional







cantly down-regulated (positive correlation).
cantly up-regulated (positive correlation).
rotein-coding gene was signiﬁcantly down-regulated (negative correlation).
g protein-coding gene was signiﬁcantly up-regulated (negative correlation).
gene was signiﬁcantly down- or up-regulated (independently regulated).
ption level of its corresponding protein-coding gene is not changed (independently
than at 11th h, it is considered up-regulated. ‘‘33th h vs. 11th h’’ indicates that if a
3th h vs. 22th h’’ indicates that if a gene is expressed more highly at 33th h than at
Table 2
Important expression-changed genes under different conditions.
Gene
name






pdhA Pyruvate dehydrogenase (E1 subunit beta) 236 726 270
pdhB Pyruvate dehydrogenase (E1 subunit beta) 164 785 248
pdhC Alpha-keto acid dehydrogenase subunit E2 784 1388 657
pdhD Dihydrolipoamide dehydrogenase 860 3104 1389
yugB Iron-containing alcohol dehydrogenase 108 208 242
yqjM NADPH dehydrogenase 296 567 454
ndhF NADH dehydrogenase subunit 5 2 11 1
ktrA K+ transporter subunit 283 99 101
ktrB K+ transporter integral membrane subunit 169 56 68
ktrC NAD-binding site 850 468 505
ktrD Cation transporter 89 91 90
mrp ATP-binding protein Mrp 1759 1970 2032
nhaC Na+/H+ antiporter 27 29 24
gltA Glutamate synthase (large subunit) 244 847 876
gltB Glutamate synthase subunit beta 591 1157 1340
gltC Transcriptional regulator 171 220 337
gudB Glutamate dehydrogenase 1660 680 931
rocG Glutamate dehydrogenase 160 745 761
gltP Proton/glutamate symport protein 44 74 71
ycgM Proline dehydrogenase 24 103 138
ycgN 1-Pyrroline-5-carboxylate dehydrogenase 34 123 153
ycgO Na+/solute symporter 15 26 30
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genes, indicating that this bacterium needs to balance certain bio-
logical pathways under salt environment. In general, more genes
and pathways were repressed than induced under salt conditions
(Fig. 3D). Many pathways were signiﬁcantly affected, including
‘energy production and conversion (C)’, ‘amino acid transport and
metabolism (E)’, ‘carbohydrate transport and metabolism (G)’,
‘inorganic ion transport and metabolism (P)’, and genes with
unknown functions (R and S categories) (Fig. 3D). A large number
of DEGs in these functional categories were induced by 6% NaCl,
suggesting that these pathways were activated under salt condi-
tions and provided some necessary substrates or energy to main-
tain cellular survival. Notably, no genes in the functional
categories of ‘transcription (K)’, ‘cell motility (N)’, or ‘recombina-
tion and repair (L)’ were induced by 6% NaCl. These pathways were
all signiﬁcantly repressed under high salt concentration, indicating
that high salt can seriously decrease cell motility.
When B. licheniformis WX-02 was cultured in ME medium con-
taining 6% NaCl, the high osmotic pressure greatly affected the
expression of genes involved in energy and carbon metabolism.
Taking 22th h vs. 11th h as an example, 126 DEGs were involved
in energy and carbon metabolism, of which 78 were
down-regulated and 48 were up-regulated. Furthermore, genes
involved in energy conversion, including pdhABCD, yugJ
(iron-containing alcohol dehydrogenase), and yqjM/ndhF
(NADPH/NADH dehydrogenase) were induced by 6% NaCl. The
up-regulation of these genes may help cells to survive and adapt
to high salt conditions. In addition to genes related to energy and
carbon metabolism, genes encoding potassium importers and
sodium exporters should also be up-regulated under salt environ-
ment to help the cell adjust to the sudden increase in external
osmolarity. However, potassium importers (ktrABCD) and sodium
exporters (mrp and nhaC) in B. licheniformis WX-02 were not
up-regulated in response to salt conditions, consistent with obser-
vations in both B. subtilis and B. licheniformi DSM13 [14,49].
Although this result was not consistent with our expectation, it
did demonstrate that the uptake of potassium during the initial
salt-stress response is likely to be similar across these three
Bacillus strains.
Compared to 11th h, transcription levels of many genes
involved in amino-acid biosynthesis, especially those related to
glutamic acid and proline metabolism, were signiﬁcantly different
at 22th h and 33th h (Table 2). Glutamate-oxoglutarate amido-
transferase (GOGAT) and glutamate dehydrogenase (GDH) are
essential for glutamic acid synthesis. In our analysis, gltA, gltB,
and gltC (which together encode GOGAT) were all induced by 6%
NaCl. By contrast, the genes encoding GDH (gudB and rocG) exhib-
ited opposite trends under salt-stress conditions, i.e., gudBwas sig-
niﬁcantly down-regulated whereas rocG was up-regulated,
indicating that the synthesis of glutamic acid was increased by
6% NaCl. The expression of two other genes related to symport of
exogenous protons and sodium glutamate (gltP and gltT) were all
induced at 33th h compared to 11th h, suggesting that high pro-
duction of c-PGA under high salt concentration might be caused
by excessive supply of exogenous protons or sodium glutamate.
The high yield of c-PGA at high salt concentration was not only
due to the up-regulation of genes related to the direct formation
of glutamic acid, but also due to other genes related to degradation
of proline. In B. subtilis, proline not only protects against osmotic
stress but can also be used as a nutrient [50]; this is accomplished
through proline import via the proline-uptake system YcgO and
degradation to glutamic acid by the enzymes YcgM and YcgN
[50]; the corresponding genes are also present in B. licheniformis
WX-02. Furthermore, we found that expression of the ycgMNO
operon was up-regulated under salt environment, consistent with
observations made in B. subtilis [13] but conﬂicting withobservations in B. licheniformis DSM13 [14], possibly explaining
why B. licheniformis DSM 13 cannot produce c-PGA under salt con-
dition. The up-regulation of the ycgMNO operon could indirectly
promote the synthesis of glutamic acid. Thus, the results of this
analysis indicated that B. licheniformisWX-02 could produce a high
yield of c-PGA via different mechanisms under salt conditions.
4. Conclusions
In this study, we analyzed the genome and dynamic transcrip-
tome under two different growth conditions, thereby improving
the genome annotation of B. licheniformis WX-02. The ssRNA-seq
data enabled us to discover the new protein-coding genes and
determine operon structures at a genome scale. We compared
the operon structure and function between various Bacillus strains
which could provide an alternative way for studying their differ-
ences. Further, the analysis indicated that many asRNAs and
sRNAs are present in B. licheniformis WX-02, and these RNA fea-
tures can be regulated in a condition-speciﬁc manner; speciﬁcally,
many of them were greatly repressed under salt-stress conditions.
In addition, there was a large and signiﬁcant difference between
the transcriptomes under normal and high salt conditions, and
high salt concentration greatly affected the cellular processes of
B. licheniformisWX-02. Genes related to the promotion of synthesis
of glutamic acid were activated by 6% NaCl, resulting a high yield of
c-PGA. Overall, the information obtained by this study can facili-
tate the functional genomic characterization of this important bac-
terium, as well as the optimization of crucial metabolic activities in
this organism.
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